Platinum-cobalt alloy nanoparticles are of great interest as cathode catalysts for PEMFCs as they have been shown to have enhanced activity versus platinum. However, their relative stability against loss of electrochemically-active surface area in relation to Pt catalysts is still debated. In this study, the evolutions of Pt 3 Co particle size distributions (PSDs) in fuel cell and aqueous environments were followed during accelerated stress tests (ASTs) using in-operando ASAXS. The measured evolutions showed a degradation mechanism dominated by loss of particles smaller than the critical particle diameter (<5.2 to 6.1 nm, CPD), which depended on environment and the AST. These evolutions were compared to that of a Pt catalyst with a similar initial PSD, which was found to have a lower degradation rate than Pt 3 Co. The ASAXS data, as well as data from aqueous dissolution, X-ray absorption spectroscopy, individual particle energy-dispersive spectroscopy, X-ray fluorescence spectrometry, and kinetic Monte Carlo calculations support a loss mechanism of increased Pt dissolution from Pt 3 Co versus Pt due to destabilization caused by extensive dealloying of particles <∼5 nm during ASTs.
Polymer electrolyte fuel cells (PEFCs) are a promising highefficiency energy conversion technology suitable for mobile and stationary applications. Two of the major issues still needing to be addressed for large-scale adoption are cost and durability. The major contributing factor to these issues is the electrocatalyst needed for the cathodic oxygen reduction reaction (ORR). Pt has been shown to be the best monometallic catalyst material for ORR 1 with high activity and good stability in the acidic environment of the PEFC. 2, 3 However, there is still a need for a more active, more stable, and less expensive cathode electrocatalyst to meet the demanding cost and lifetime requirements for many applications, especially for automotive propulsion power.
Pt alloys are of great interest as ORR electrocatalysts as they are generally less expensive and have been shown to have enhanced activity versus Pt. [4] [5] [6] This enhancement in activity was found to be directly correlated with the Pt-Pt interatomic distance 7, 8 and to the Pt d-band occupancy in the alloy. [8] [9] [10] However, there are concerns that the use of base metal alloying elements, which are generally less stable than Pt in acidic environments, could be accompanied by a loss in particle stability and corresponding loss in ORR activity. Conflicting reports exist about the overall stability of Pt alloy catalysts in relation to pure Pt catalysts. 5, 6, [11] [12] [13] Some studies suggest that alloying has a positive effect while others show no significant impact on stability. It is known that relative stability is dependent on particle size, [14] [15] [16] the larger the initial particle size the more stable, and the majority of Pt alloy synthesis techniques are based on high temperature annealing processes which result in larger initial particle sizes. Therefore any comparisons between larger annealed Pt-alloys and typical commercial Pt catalysts with smaller mean particle sizes are not straightforward. 6, 17 In this work, efforts were made to investigate the durability and degradation mechanisms of similar sized Pt and Pt 3 Co electrocatalysts in the aqueous and membrane-electrode assembly (MEA) environments.
Recent work has shown that anomalous small-angle X-ray scattering (ASAXS) is an effective technique for observing in-situ and inoperando evolutions of Pt catalyst PSDs leading to insights into their degradation mechanism(s). 14, [18] [19] [20] [21] [22] A comprehensive discussion of the ASAXS method and its use in characterizing carbon-supported metal catalysts can be found in several publications and textbooks. [23] [24] [25] [26] [27] [28] [29] One advantage this technique has is its ability to obtain element specific PSDs. From changes in the Pt and Cu PSDs obtained through ASAXS, Yu et al. were able to show the in-situ formation of a Pt enriched shell surrounding a PtCu core through electrochemical Cu dissolution of a carbon supported Pt 25 Cu 75 electrocatalyst and Tuaev et al. showed the same type of evolution for a Pt 25 Ni 75 electrocatalyst. 21, 22 The ASAXS technique was used in this study to determine Pt PSDs of nanoparticle Pt 3 Co electrocatalysts in-situ and in-operando for two accelerated stress test protocols and ex-situ Pt and Co PSDs of the electrocatalyst before and after cycling. A catalyst with a Pt:Co atomic ratio of 3:1 was chosen for this study, as this ratio has been shown to have both the highest ORR activity and activity stability. 10, [30] [31] [32] This information combined with data obtained from transmission electron microscopy (TEM), individual particle energy-dispersive X-ray spectroscopy (EDS), X-ray fluorescence spectrometry (XRF), and extended X-ray absorption fine structure spectroscopy (EXAFS) provides insight into the degradation mechanism of Pt 3 Co and its relative durability to a similar-sized Pt electrocatalyst.
Methods
Preparation of electrodes.-The catalyst used in this study was prepared by Johnson Matthey Fuel Cells (JMFC) and was comprised of 40 wt% Pt 3 Co nanoparticles supported on an Akzo Nobel Ketjen EC300J (Pt 3 Co/C) carbon black support. The as-prepared catalyst had a mean diameter of ∼4.9 nm as determined through TEM. Gummalla et al. reported this catalyst to have a metal surface area of 35 m 2 /g-Pt, as determined by gas phase CO adsorption on the catalyst powder, an XRD-determined lattice spacing of 3.848 Å, and Pt and Co contents of 37.9 and 3.88 wt% (74.7 mol% Pt and 25.3 mol% Co), respectively, as determined by inductively-coupled plasma optical emission spectroscopy (ICP-OES). 17 A representative TEM image of the catalyst powder and the PSDs derived from TEM images are shown in Figure 1 . Speder et al. have shown limitations of PSD analyses based on TEM alone, based on the fact that particle sizes might be over/underestimated due to the limited contrast between the nanoparticles and the support. 33 Therefore, also included in Figure 1 are the initial Pt and Co PSDs for the Pt 3 Co/C powder, as found using ASAXS, showing a mean diameter of 5.2 nm and 4.9 nm, respectively. A second catalyst was also used in this study: heat-treated 40 wt% Pt nanoparticles supported on an Akzo Nobel Ketjen EC300J (Pt/C) carbon black with an initial mean diameter of 5.0 nm, as determined through TEM, also prepared by JMFC. The as-prepared Pt/C catalyst had a mean Pt diameter of ∼2 nm and was heat treated to obtain a similar starting mean diameter as that of the Pt 3 Co/C catalyst. The Pt catalyst had a metal surface area of 35 m 2 /g-Pt, as determined by gas phase CO adsorption on the catalyst powder, and is described in detail by Yu et al. 14 and Gummalla et al. 17 The working electrodes for the aqueous electrochemical cell experiments were made by depositing an ink of the 40 wt% Pt 3 Co/C catalyst powder and a water/aliphatic alcohol-based perfluorosulfonic acid (PFSA, Sigma-Aldrich) dispersion on a 126 μm thick grafoil sheet (Strem) as a circle with a geometric surface area of 0.69 cm 2 with 0.4 mg Pt /cm 2 loading. A catalyst-coated membrane (CCM) was provided by JMFC and was prepared as described in detail in Gummalla et al. 17 The CCM was comprised of a Pt 3 Co/C with 0.26 mg Pt /cm 2 and a Pd/C anode with a loading of 0.19 mg Pd /cm 2 . Pd was used for the anode in order to differentiate the X-ray scatter at the Pt-L 3 and Co-K edges from the cathode catalysts in the ASAXS data. The membrane was a 50 μm thick perfluorosulfonic acid polymer, and the gas diffusion layers were SGL50BC (SGL Group). In separate experiments, performed by JMFC, the catalyst surface areas in the aqueous and MEA environments, as determined by CO adsorption and electrooxidation, were found to be 36 m 2 /g-Pt and 35 m 2 /g-Pt, respectively, implying that the available Pt surface area was fully utilized in both electrochemical environments.
Aqueous electrochemical cell.-Aqueous environment experiments were performed utilizing a PTFE electrochemical cell designed for in-situ X-ray scattering and absorption measurements. 18 The cell has been described previously in Ref. 19 and Figure 1b from Ref. 34. 19,34 The working electrode was immersed in ∼10 mL of deaerated room temperature 0.1 M perchloric acid electrolyte (GFS, double distilled, in 18 M Millipore water) along with a high surface area carbon cloth counter electrode and an Hg/Hg 2 SO 4 (0.5 M H 2 SO 4 filling solution) reference electrode, which was calibrated versus a reversible hydrogen electrode (RHE). All potentials are referenced to the RHE scale.
The results of three potential cycling experiments in the aqueous environment are shown. The first aqueous potential cycling experiment was performed by applying a triangle potential cycling protocol to the working electrode from 0.6 to 1.0 V at a scan rate of 50 mV/s, which is the U.S. Department of Energy's accelerated stress test for PEMFC cathode catalyst durability. 35 Another aqueous cell potential cycling experiment was performed using a square wave potential profile from 0.4 to 1.05 V with 10 second holds at each potential. This profile was chosen to accelerate Pt degradation as compared to typical potential cycling protocols (e.g., 0.6 to 1.0 V, 50 mV/s triangle profile) and is relevant to fuel cell operation. 17, 36 Potentials higher than the typical hydrogen/air open circuit potential (1.0 V) can occur during fuel starvation conditions and/or during startup/shutdown. 37 The final aqueous experiment was performed by applying the same triangle potential cycling protocol as the first experiment, but using the 40 wt% Pt/C catalyst as the working electrode. A model 760C CH Instruments potentiostat was used to control the potential and measure the current for the aqueous experiments.
Membrane electrode assembly cell.-The experiments in the MEA environment were performed in modified Fuel Cell Technologies, Inc. single serpentine 5 cm 2 active area cell hardware. This cell has been described previously 38 and was based on a design published by Principi et al. 39 A thin graphite window (∼300 μm thick) was milled directly into both the anode and cathode Poco graphite blocks to allow transmission of incident X-rays to the cathode layer and fluorescing X-rays scattered from the cathode layer. 40 The potential was cycled following the same triangle and square potential profiles used for the aqueous cell experiments (0.6 to 1.0 V at a scan rate of 50 mV/s for the triangle profile and 0.4 to 1.05 V with 10 second holds at each potential for the square profile). The MEA was operated at 80
• C with 100% relative humidity at the anode and cathode for both experiments. The anode gas was 4% hydrogen (balance argon) and the cathode gas nitrogen, both at atmospheric pressure. A Fuel Cell Technologies, Inc. test stand was used for controlling the temperature, relative humidity, and gas flow rates. A Solartron 1287 potentiostat was used to control the potential and measure the current for the MEA experiments. The ECA of the cathode was measured from a cyclic voltammogram between 0.05 V and 0.4 V (vs. RHE) at a sweep rate of 100 mV/s taken before potential cycling and after every 100 cycles. ECA values were calculated by integrating the hydrogen adsorption region and using an area-specific charge of 210 μC/cm 2 .
Scattering experimental and data analysis.-ASAXS analyses were performed at the Advanced Photon Source at Argonne National Laboratory at the bending magnet beamline 12-BM. The potential cycling was interrupted every 100 cyles and the potential held at either 0.6 V (triangle wave cycling) or 0.4 V (square wave cycling) for approximately 20 minutes to acquire ASAXS scattering patterns at five different energy levels immediately preceding the Pt-L 3 X-ray absorption edge (11.300, 11.380, 11.460, 11.500, and 11.530 keV) over a scattering vector range of 0.019 Å −1 to 0.46 Å −1 and preceding the Co-K X-ray absorption edge (7.435, 7.515, 7.595, 7.635, and 7.665 keV) over a scattering vector range of 0.012 Å −1 to 0.30 Å −1 using a MAR CCD detector. The beam spot size was approximately 0.01 cm 2 . The ASAXS data were analyzed using Irena, a suite of macros written for the Igor Pro software platform. 41 The Pt scattering data were fit in the Q range of ∼0.06 to 0.35 Å −1 to obtain Pt PSDs and the Co scattering data in the Q range of 0.06 to 0.25 Å −1 to obtain Co PSDs. Both sets of data were fit using a lognormal function, as this function was found to best fit the PSDs found in TEM and XRD studies on as-synthesized and post-mortem carbon-supported Pt nanoparticles.. 19, 42, 43 This Q range of the fit corresponds to a particle size range of approximately 2 to 10 nm. The fit assumed the Pt 3 Co particles to be poly-dispersed spheres, which is the morphology consistent with the TEM image shown in Figure 1 . Geometric surface area (GSA) distributions were also calculated based on the ASAXS-determined number of particles and the assumption of spherical particles. For Pt nanoparticle systems, ECA has been shown to relate to TEM-determined GSA by a scale factor. 14, 16, 36, 44 X-ray absorption experimental and data analysis.-XAFS spectra were collected throughout the electrochemical cycling sequence along with ASAXS patterns during the 0.4 V or 0.6 V potential holds.
Measurements were performed at the Pt L 3 absorption edge in the fluorescence geometry to minimize the impact of absorption of Xrays by the electrolyte. The detector was a 13-element germanium detector using Canberra pulse processing electronics. Co K edge data were, unfortunately, not of sufficient quality to analyze.
Spectra were processed and the data analyzed using the Athena/ Artemis/ifeffit codes. 45 Scattering paths were calculated using feff (version 6). 46 Fits of the Pt L 3 edge were performed for the nearestneighbor Pt-M (M = Pt, Co) single-scattering paths calculated with feff. Although the data range was quite limited at less than 10 Å −1 , the Pt features extend over a much greater width in R-space allowing the Pt-Pt and Pt-Co paths to be resolved with minimal correlation of the fit parameters. The values for σ 2 for the Pt-Pt and Pt-Co scattering paths were defined to be equal.
Aqueous dissolution experimental.-The Pt (and Co) dissolution rates for the Pt 3 Co/C and Pt/C catalysts were determined after subjecting these catalysts to the same triangle wave potential cycling profile (0.6 to 1.0 V, 50 mV/s) as was used for the ASAXS experiments. The Pt/C and Pt 3 Co/C electrodes used for these dissolution experiments were electrochemically cleaned and ECAs were determined in a threecompartment pre-treatment cell containing perchloric acid electrolyte, a gold counter electrode, and an Hg/Hg 2 SO 4 reference electrode with a 0.5 M H 2 SO 4 filling solution and using a CH Instruments 600 or 700 series potentiostat. The ECA was determined by integrating the charge in the hydrogen adsorption/desorption region of the voltammograms (0.05 to 0.4 V), subtracting the capacitive background, and assuming a charge of 210 μC/cm 2 . 47, 48 After cycling the potential between hydrogen and oxygen evolution potentials to obtain a reproducible currentvoltage profile, the potential was stopped at 0.40-0.43 V (double-layer region). The electrode was then transferred to the working electrode compartment of a room-temperature, two-compartment H-cell containing 10 mL of high-purity, de-aerated 0.57 M perchloric acid electrolyte (GFS, double distilled, <0.1 ppm Cl -, in 18 M Millipore water). This concentration of perchloric acid was chosen to mimic the acidity of the PEFC membrane electrolyte. The working electrode compartment of the H-cell was separated from the counter/reference electrode compartment by a glass frit to prevent contamination of the working electrode and electrolyte by the counter electrode (gold wire coil) and reference electrode (Hg/Hg 2 SO 4, 0.5 M H 2 SO 4 filling solution). The electrolyte was stirred with a Teflon-coated stir bar and the surface of the electrolyte was blanketed with an argon stream for protection from atmospheric oxygen. After periodic intervals a small volume of electrolyte (∼1-1.5 mL) was removed from the cell and analyzed for dissolved Pt and Co content using high-resolution inductively-coupled plasma-mass spectrometry (Fisons Quadrupole PQII+ ICPMS and VG Elemental High-Resolution AXIOM ICPMS).
Pre-and post-mortem characterization: TEM, EDS, and XRF.-
After the cycling experiments, the Pt 3 Co PSDs were obtained through TEM and the Pt:Co atomic ratios in individual particles determined using EDS. Samples were prepared by scraping the catalysts off the grafoil substrate and the cathode catalyst layer for the MEA and dispersing them in isopropanol to form dilute suspensions which were stirred with a magnetic stir bar to insure good dispersion. A small drop of the suspensions was drop-cast onto carbon-coated copper grids followed by solvent evaporation in air at room temperature. Images were taken using a Philips CM30T transmission electron microscope at an accelerating voltage of 200 kV at the Electron Microscopy Center at Argonne National Laboratory. The size distribution of the Pt nanoparticles was obtained by directly measuring the size of at least 200 particles in the TEM images using computer software (Gatan Digital Micrograph).
The EDS analysis was performed at the University of Texas-Austin on a JEOL 2010F TEM. The Pt 3 Co powder was dispersed in ethanol, ultrasonicated, and deposited on a carbon/copper grid for TEM characterization. The electrode samples were prepared by scraping the catalysts off the grafoil or membrane followed by the same dispersion and deposition procedure as for the powder sample. An EDS system attached to the TEM was used to analyze the composition of the individual particles. The Pt:Co composition ratio of different particles was determined from the intensity ratio of the Pt L-line and the Co Kline using the EDS spectra collected by Oxford Instruments AZtech software. The equivalent diameters of the particles undergoing the EDS analysis were determined by using Image J software to calculate the projected area of the individual particles and converting this to the equivalent diameter of a spherical particle with the same projected area.
The Pt:Co ratios in the electrodes after cycling and in the catalyst powder were obtained through X-ray fluorescence spectrometry (XRF). The MEA samples were prepared by removing the cathode catalyst layer from the membrane/anode using adhesive tape. The XRF of the aqueous samples was measured with the catalyst on the grafoil substrate. XRF spectra were taken using the copper and molybdenum targets of an energy-dispersive X-ray fluorescence spectrometer (Rigaku NEX CG EDXRF). Pt:Co ratios were determined by integrating the intensity of the Pt L and Co K peaks for the empirical fitting routine.
Results and Discussion
The XRF-determined Pt:Co atomic ratio of the as-prepared catalyst powder was 3.08:1. ASAXS analysis of the powder at both the Pt and Co edges resulted in the metal-specific PSDs shown in Figure 1 . The mean diameter of the Pt distribution (5.2 nm) was found to be slightly greater than that of the Co distribution (4.9 nm), with the entire Co PSD shifted to smaller diameters with respect to the Pt PSD. This is indication of catalyst particles where the Pt-containing domains of the particle have larger diameters than the Co-containing domains over the entire PSD. This is evidence that the catalyst, in the as-synthesized powder form, is composed of core-shell particles where Pt preferentially segregated to the surface during the annealing process. 10, 12, 21, 49, 50 Given the lattice spacing of Pt 3 Co of 3.484 Å, as determined using XRD, 17 the nearest neighbor distance in the alloy is 2.721 Å. Therefore, the ∼0.3 nm difference between the diameters of the Pt and Co PSDs indicates an average Pt shell thickness of approximately half a monolayer.
The ASAXS-determined Pt PSD evolutions for the Pt 3 Co/C catalyst subjected to potential cycling are shown in Figures 2a-2d for the four cases of aqueous environment and triangle wave potential cycling (0.6 to 1.0 V, 50 mV/s), MEA environment and triangle wave potential cycling, aqueous square wave cycling (0.4 to 1.05 V, 20 s/cycle), and MEA square wave cycling, respectively. Figure 2 shows the initial PSDs, derived from ASAXS patterns taken immediately after conditioning, and representative PSDs after 200, 500, 1000, and 1500 potential cycles. Distributions after 500 and 1000 cycles for the MEA square wave experiment were not obtained due to loss of X-ray beam during this experiment.
The general trend in the evolution of the Pt PSDs up to 1500 cycles, for both environments and both potential cycling protocols, is a loss of small particles and very little change in the number of larger particles. The apparent loss of larger particles greater than ∼9 nm is an artifact of constraining the distribution to a lognormal function due to the preferential loss of smaller particles, as discussed extensively in Gilbert et al. 20 The fraction of initial Pt GSA remaining after cycling and the Pt mean diameter have been calculated from the Pt PSDs for the four experiments and are shown in Figure 3 as a function of the number of potential cycles. These data are also summarized in Table I . Also shown is Table I is the critical particle diameter (CPD), which is defined as the diameter at which there is an overall loss of particles smaller than the CPD and an overall gain in particles larger than the CPD relative to the initial PSD. 20 The PSD evolutions and trends in the GSA loss and mean diameter increase are based on the assumption that throughout the cycling the majority of the particles remain spherical and the distribution is a continuous lognormal function. The small loss of larger particles implied from the ASAXS data suggests a minor deviation from the latter assumption. However, this deviation would only contribute to a slight increase in the overall GSA loss. 20 Figure 4 shows an example of the TEM images of the catalyst samples after cycling which were used to determine the post-mortem TEM PSDs shown in a later section. These TEM images show that the majority of the particles are still spherical in shape, supporting the use of a spherical form factor in the lognormal fitting of the ASAXS data. Figure 3 and Table I illustrate that square wave potential cycling causes greater catalyst degradation (loss in GSA and increase in mean diameter) than triangle wave in both environments and that the MEA environment causes greater degradation than the aqueous environment for both potential cycling protocols. These trends are consistent with those found in our previous studies for a Pt catalyst (mean diameter ∼3 nm) subjected to the same cycling protocols in the same environments as those used here. 20 While the MEA environment is at an elevated temperature of 80
• C versus room temperature for the aqueous environment, in a previous study the extent of degradation of a Pt catalyst was found to be more dependent on environment (i.e. MEA, aqueous with stagnant electrolyte, and aqueous with electrolyte flow) than on temperature. 20 Figure 5 compares the fraction of initial ECA to the fraction of GSA remaining as a function of number of potential cycles applied for the MEA experiments. The GSA steadily decreases and results in losses of 4.8% and 11.7% for MEA triangle and MEA square, respectively. The ECA, however, increases sharply after the first 100 cycles by ∼30% for both cases. The ECA of MEA triangle shows a decrease of 15% after 1500 cycles as compared to the ECA after 300 cycles, whereas, beyond 100 cycles, the ECA of MEA square decreases at a faster rate than MEA triangle resulting in a 27% loss of the peak ECA after 1500 cycles. This initial simultaneous decrease in GSA and increase in ECA has been observed previously and is attributed to an increase in the catalyst utilization (i.e., the catalyst layer is still conditioning over the first 100 cycles for MEA square and the first 300 cycles for MEA triangle). 20 This increase in ECA of ∼30% is much larger than the 7% increase previously reported. 20 This is speculated to be due to the larger initial PSD with less loss of smaller particles over 100 cycles resulting in a diminished GSA loss (0.7-2.8% for the PSD in this study versus 3.5-3.9% for a PSD with an initial mean diameter of ∼3.2 nm) and also to loss of nonhydrogen-adsorbing Co from the catalyst particle surface to expose underlying Pt (as well as resulting in a Pt-only shell and/or Pt-enriched shell [2] [3] [4] [5] [6] 10 ). In order to investigate the mechanism behind the loss of GSA and the associated loss in ECA, the GSA loss below the CPD and the GSA gain above the CPD were calculated after 1500 potential cycles and are shown in Table I . The GSA of particles larger than ∼8 nm were not included in the GSA loss analysis due to the artificial decrease in the number of larger particles caused by the lognormal constraint mentioned earlier. The number of particles above this diameter only account for ∼7% of the total number of particles of the initial PSD. Consistent with the trends discussed thus far, the square wave cycling caused greater loss of GSA for particles smaller than the CPD than the triangle wave cycling and the MEA environment greater loss than the aqueous environment. The triangle wave cycling caused a greater gain in GSA for particles larger than the CPD than did the square wave, but a consistent effect of environment on GSA gain was not observed. The overall GSA loss was found to be well-correlated with the GSA loss from particles smaller than the CPD (R 2 = 0.95) for the four experiments while the gain in GSA from particles larger than the CPD was not (R 2 = 0.38) nor was the loss of overall GSA correlated with the GSA gain from particles larger than the CPD (R 2 = 0.61). This indicates that the extent of loss of particles smaller than the CPD is the major factor determining the overall GSA and ECA loss.
The correlation of the overall GSA loss to the loss of the GSA contribution from particles smaller than the CPD supports a similar type of surface area loss and particle growth mechanism for the Pt 3 Co alloy as was found for a Pt catalyst. That is Pt dissolution and its dependence on particle size being the predominant factor controlling surface area loss and a minor contribution from Pt re-deposition and/or coalescence through re-deposition. 16, 19, 51, 52 However, the mean diameter increase of the Pt 3 Co particles (∼0.3 to 0.5 nm) observed here is similar to the mean diameter increase observed for a Pt catalyst (∼0.2 to 0.4 nm) with an much smaller initial mean diameter (∼3 nm). 20 The similar growth for nanoparticles of significantly different size is not consistent with what would be expected if all changes were due to the effect of particle size (Gibbs-Thomson) on Pt dissolution rates. [14] [15] [16] In order to understand this discrepancy another experiment was performed on a Pt catalyst with an initial mean diameter similar to that of the Pt 3 Co catalyst. The results of the Pt PSD evolution and the resulting GSA loss and growth in mean diameter are shown in Figure 6 for up to 2000 triangle potential cycles in an aqueous cell. There is very little change in the PSDs, a slight loss in the GSA (2%), and a small increase in the mean diameter with cycling (0.02 nm). The majority of the change was found to occur within the first 100 cycles with extremely little change occurring with extended cycling. This minimal amount of degradation (less than 0.2 nm growth in the mean diameter, as was seen for a Pt catalyst with an initial mean diameter of ∼3 nm) 20 was expected for the Pt catalyst with an initial mean diameter of ∼5 nm under the cycling conditions and over the number of cycles due to the particle size effect yielding a smaller Pt dissolution rate as the PSD increases. [14] [15] [16] Through in-situ SAXS in an aqueous environment, Yu et al. showed limited growth in the mean diameter of a 30 wt% Pt/C with an initial mean diameter of ∼6 nm. 53 They reported a mean diameter increase of ∼0.06 nm after 1800 triangle cycles between 0.56 V and 1.16 V at 50 mV/s; a cycling regime more degrading than the one used here due to the higher upper potential limit (1.16 vs. 1.0 V) . 19 Thus, we find that for the same mean particle size, the Pt and Pt 3 Co show significantly different rates and extent of particle size increase and GSA loss, with the Pt 3 Co degrading significantly faster. This same observation was made by Gummalla et al. for these same two catalysts subjected to triangle wave cycling in an MEA environment. 17 The differences between the Pt and Pt 3 Co degradation can be understood through a more detailed examination of the PSDs. In particular, one of the advantages of obtaining in-situ PSDs is the ability to monitor changes for individual particle size regimes. Figure 7a shows a plot of the fraction of initial Pt 3 Co particles as a function of the number of triangle potential cycles in the aqueous environment for eight different particle diameters ranging from 2.0 to 7.0 nm (±0.02 nm bins). Figure 7b shows a plot of the fraction of initial Pt particles as a function of the number of triangle potential cycles in the aqueous environment for the same eight particle diameters. After 1500 triangle potential cycles, the Pt 3 Co catalyst showed more than 10% loss of particles smaller than ∼4.5 nm. Conversely, for the Pt catalyst there is more than 10% loss of particles only up to a diameter of ∼2.0 nm (and a loss of only 17% after 2000 cycles). Comparatively, after 1500 cycles the Pt 3 Co catalyst showed a loss of 88% of 2.0 nm particles. The greater loss of GSA and increase of mean diameter for Pt 3 Co versus Pt is directly correlated to this larger loss of smaller particles.
To further explore the dependence of catalyst degradation on dissolution, the Pt (and Co) dissolution rates for the Pt 3 Co and Pt catalysts were determined as a function of number of triangle wave cycles (Figure 8 ) by analyzing aliquots of the aqueous acidic electrolyte for 3 Co degrades faster than Pt for similar particle sizes and support the proposed mechanism of Pt dissolution being the predominant factor controlling ECA loss. 19 The higher dissolved Pt concentrations in the Pt 3 Co system lead to higher rates of Pt re-depositon resulting in greater extent of coarsening which is evident in the Pt PSD evolutions (Figure 2 ) and as an increase in the number of particles with diameters larger than 6 nm (Figure 7a ). Coarsening was not observed for the 5 nm Pt catalyst (Figure 7b) .
In-situ scattering near the Co-K adsorption edge, which could provide important information regarding the role of Co in the overall catalyst degradation, was taken during the ASAXS potential cycling experiments. However, the data was of poor quality due to either high X-ray absorption from the electrolyte in the aqueous cell or the cell blocks and water in the MEA cell and/or low Co content (especially after Co leaching occurring during the cycling). However, ex-situ postcycling Pt and Co PSDs were successfully obtained and are shown in Figure 9 . The growth in the Pt and Co mean diameters determined from these ex-situ data are summarized in Table II along with the growth in the mean particle diameter as determined through TEM analysis. The ASAXS-determined increases in Pt and Co mean diameter show the same dependence on condition and are linearly correlated (R 2 = 0.98) with the Co mean diameter increase being approximately two times that of Pt. A consequence of the greater increase in the Co mean diameter is that the Co mean diameter is larger than that of Pt after cycling by 0.12 nm to 0.26 nm (∼0.25 to ∼0.5 monolayers) for Aqueous triangle to MEA square, whereas it was smaller (by ∼0.5 monolayers) in the as-received catalyst powder. This observation can be interpreted as a change in intraparticle Pt and Co distribution from one in which the contiguous Co-containing portion of the particle is slightly smaller than the overall particle diameter (i.e., a Pt-Co core and Pt-enriched shell) to one in which the contiguous Pt-containing portion of the particle is slightly smaller (i.e., a Pt-Co core and Co-rich shell). Table III shows the XRF-determined Co contents of the electrodes (in mol% where the sum of Co mol% and Pt mol% is 100%) after the experiments' terminal number of cycles and compares them to the Co content of the starting powder. The Co content of the electrodes, when compared to that of the powder, shows that indeed Co is being leached from the catalyst in the electrochemical environment with greater extent of leaching from the MEA environment as compared to the aqueous environment and from the square potential cycling as compared to the triangle potential cycling. These are the same experimental trends observed for the GSA loss and growth in the mean diameter.
The Pt:Co ratio of individual particles of varying sizes was determined, using EDS, for the Pt 3 Co powder and for all the electrodes after potential cycling. The results of these analyses, plotted as Co mol% as a function of equivalent particle size, are shown in Figure 10 . These data show that the Co content in the particles increases with increasing particle size for all samples, including the starting powder. Increasing Co content with increasing particle size has been reported in the literature for annealed Pt-Co clusters and has been attributed to the much higher evaporation rate of Co atoms versus Pt atoms. 54 The same dependence of Co content on particle size has also been observed for acid-treated Pt 3 Co nanoparticles. 55 All of the cycled samples showed lower Co contents than the starting powder sample at any given particle diameter, agreeing with the XRF data which show overall loss of Co after cycling. The EDS data for all the samples, with the exception of those of MEA square, were best fit with an asymptotic exponential function. Unlike the data for the other samples, that of the MEA square sample showed an approximately invariant Co content of 10 mol% at equivalent diameters smaller than 12 nm and higher and size-dependent contents, similar to those of MEA triangle and Aqueous square, at equivalent diameters larger than 12 nm. The depth of dealloying of Co as a function of particle diameter was calculated using the EDS fit equations to calculate the Co content as a function of particle diameter for the three cycled samples and the powder sample. This simplified calculation (Eq. 1) assumes spherical particles and a constant Pt to Co ratio throughout the diameter of the particles and also assumes no loss of Pt.
where, h is the depth of dealloying in nm, X final is the cobalt mole fraction in the particle after cycling, X powder is the cobalt mole fraction in the particles comprising the powder, and r is the particle radius in nm. While the assumptions used to calculate the depth of dealloying are a simplification of a complex system, which includes changing Co concentration throughout the particle diameter, 56 and the possibilities of formation of smaller particles from larger particles due to Pt dissolution and formation of larger particles from smaller particles due to Pt deposition, with the concomitant change in the particles' Pt:Co molar ratio, they serve an illustrative purpose of showing the relative stability of Co in the particles as a function of diameter. The results of these depth of dealloying calculations as well as the calculated fraction of initial Co in the particle that is lost after cycling are shown as a function of particle size in Figure 11 for the two representative cases of Aqueous square and MEA triangle. This plot illustrates that the depth of dealloying and Co loss are highly dependent on particle size for particles smaller than approximately 5 nm and also that the diameter below which extensive dealloying occurs is dependent on the catalyst environment with the MEA environment being more degrading than aqueous. It can be noted that the "critical" diameter of ∼5 nm for dealloying observed here is coincident with the CPD for overall loss of particles observed in the ASAXS data (Table I ). In agreement with these calculations, Gummalla et al. have also shown an increase in the percent of Co lost from Pt 3 Co electrodes in MEAs with decreasing initial mean diameter of the catalyst particles. 17 Puchala et al. developed a kinetic Monte Carlo (KMC) model for studying the dealloying behavior of Pt alloy nanoparticles. 57 The model takes into account the different dissolution rates of Pt and Co and the diffusion rate of Pt atoms along the surface of the particle to "heal" the surface and protect the particle against further Co loss. This model was used to determine the Co dissolution behavior (i.e., amount of Co dissolved, depth of Co dealloying, etc. . . ) as a function of time and of Pt 3 Co particle size under potentiostatic conditions. The KMC-based calculation of depth of dealloying as a function of particle size qualitatively agree with those based on the experimental data showing that there is a greater depth of dealloying with decreasing particle size (∼0.5 nm after 1 sec for 1 nm particles vs. ∼0.25 nm after 1 sec for 10 nm particles). The KMC-calculated fraction of Co lost is compared to that calculated from the EDS data in Figure 11 , showing that the increasing depth of dealloying with decreasing particle size results in the loss of an increasing fraction of the initial Co with decreasing particle size. Particles around 5 nm lose ∼25% of their initial Co content, 2 nm particles lose ∼60%, and 1 nm particles are completely dealloyed. These KMC calculations provide a mechanistic basis for the experimental observation of increasing loss of Co with decreasing particle size. It is speculated that the greater degrading nature of potential cycling in this study as compared to potential holding in the Puchala et al. modeling study is the cause of the greater depth of dealloying of the cycled Pt 3 Co catalysts, as shown in Figure 11 .
The substantial loss of Co from particles of <5 nm supports the scenario suggested by the ASAXS data and ICP-MS dissolution data that Co loss from particles smaller than 5 nm has a destabilizing effect leading to increased Pt dissolution rates of these particles, perhaps due to undercoordination of Pt in the "skeleton" structures formed upon dealloying. 30 As discussed earlier, all four experiments resulted in Co PSDs with diameters slightly larger than those of the Pt PSDs ( Figure 9 ). The preferential leaching of Co from the samller particles in the PSD may be a contributing factor to the observed increase in the Co mean diameter relative to the Pt mean diameter (i.e, the smaller particles (<5 nm) become more Pt rich with cycling).
EXAFS at the Pt L 3 -edge and Co K-edge were performed on the Pt and Pt 3 Co powders and on the Pt 3 Co electrodes in the cell immediately prior to potential cycling and immediately after applying the terminal number of potential cycles shown in Table II . The Pt L 3 data were analyzed to determine the Pt-Pt coordination number (N Pt-Pt ), the PtPt bond length, the Pt-Co coordination number (N Pt-Co ), and the Pt-Co bond length. An example fit of χ(R) is shown in Figure 12 . This figure illustrates the differences between the Pt-Pt and Pt-Co paths; the signal observed between 2.8 Å and 3.3 Å is almost entirely due to Pt-Pt scattering. The extents of alloying of Pt were calculated from these coordination numbers and from the coordination numbers expected for complete and random alloying (i.e., random dispersion of Co and Pt throughout the particles). As defined by Hwang et al., 58 the extent of alloying of Pt (J Pt ) is:
where,
P random = N Pt-Co,random N Pt-Pt,random + N Pt-Co,random = n Co n Co + n Pt [4] where, n Pt and n Co are the number of moles of Pt and Co, respectively. The mole fractions of Co and Pt determined using XRF were used to calculate P random . The calculated P observed and J Pt values are shown in Table III proposed several intraparticle distributions of the alloying elements in bimetallic nanoparticles which would result in different J values. 58 As described by Hwang et al., J values >100% imply a deficiency of Figure 11 . Depth of dealloying as well as the calculated fraction of initial Co in the particle that is lost after cycling as a function of particle diameter for two representative cases (Pt 3 Co Aqueous Square and Pt 3 Co MEA Triangle). Also shown is the calculated fraction of initial Co in the particle that is lost after 1 sec under potentiostatic conditions as determined from the kinetic Monte Carlo model from Puchala et al.
Pt-Pt bonds which would occur if heteroatomic bonds are favored over homoatomic bonds or if Pt preferentially segregates to the surface and bonds to an underlying Co-rich layer. This is the compositional profile observed by Stamenkovic et al. for annealed Pt 3 M alloy slabs. 10 Such a compositional profile could also explain the slightly larger mean diameter of the Co PSD versus that of the Pt PSD observed for the cycled catalyst which would occur if the Co interlayer disrupts the continuity of the Pt scattering domains.
The Pt L 3 -edge EXAFS data was also used to derive the Pt-Pt bond length for the Pt catalyst before cycling, and the Pt-Pt and PtCo bond lengths for the Pt 3 Co powder, the Pt 3 Co Aqueous square, and Pt 3 Co MEA square, and the Pt 3 Co MEA triangle samples after the terminal number of cycles. These bond lengths are shown in Figure 13 . The Pt-Pt bond length for the Pt sample, 2.761 Å, is identical to that observed for the reference Pt foil. The Pt-Pt bond length for the Pt 3 Co powder is compressed by approximately 2% as compared to the Pt-Pt bond length in Pt due to the presence of Co in the nanoparticles. This compressive strain is comparable to that observed by Jia et al. for a Pt 3 Co nanoparticle catalyst. 56 As discussed in the introduction and extensively in the literature, the enhanced ORR activity of Pt alloys versus Pt has been attributed to the compressive strain of surface Pt induced by the underlying alloying elements. 56 As shown in Figure 13 and as was also observed by Jia et al., potential cycling the Pt 3 Co catalyst in either the aqueous or MEA environment increased the Pt-Pt bond distances, decreasing the compressive strain, which can cause decreased ORR area-specific activity. 56 The extent of relaxation of the Pt-Pt bond distance is linearly dependent on the extent of loss of Pt-Co coordination, as calculated from the EXAFS data (tabulated in Table III ; difference between P observed cycled and P observed powder ), indicating that the observed increases in Pt-Pt and Pt-Co bond distances are due to the loss of the smaller Co atoms from the alloy lattice.
Conclusions
The anomalous small angle X-ray scattering technique was shown to provide ex-situ Pt and Co PSDs of the Pt 3 Co catalyst. These results along with in-situ Pt PSDs have shown greater degradation of the Pt 3 Co catalyst as compared to the Pt catalyst which had a similar initial PSD. The proposed cause of the enhanced degradation, supported by EDS and ICP-MS data, is the preferential and substantial loss of Co from particles smaller than ∼5 nm which destabilizes these particles causing enhanced Pt dissolution and particle loss. Without Co (i.e., a pure Pt system), the time scale of the degradation is lengthened. In addition to the increased surface area loss of the Pt 3 Co catalyst relative to Pt with a similar PSD, leaching of Co from the Pt 3 Co also caused a relaxation of the Pt-Pt strain which has been shown to cause a loss of ORR specific activity. 17, 56 The dominant mechanism behind the loss of surface area and increase in mean diameter of Pt 3 Co was found to be dissolution of the smallest particles, accelerated due to the presence of Co as compared with pure Pt, with a secondary mechanism of re-deposition onto larger particles. This type of mechanism is consistent with previous findings on Pt catalysts with different initial mean diameters. 19, 20 EXAFS and ASAXS data are consistent with an initial intraparticle structure comprised of a slightly Pt-rich shell which evolves with potential cycling into a structure with a slight predominance of heteroatomic bonds over homoatomic bonds such as one with a Pt-rich shell, a Co-rich underlayer, and a Pt-Co alloy core.
The results of this study on the Pt 3 Co catalyst also showed the MEA environment to be more degrading than the aqueous environment under the same cycling conditions, as was observed in our previous study on Pt/C. 20 As was speculated in the previous study, this may be due to an increased dissolution rate in the MEA created by the loss of dissolved Pt into the electrolyte membrane forming a Pt band. 16, 20, 51, 59 This type of loss is not present in the stagnant aqueous environment. Additionally, the square wave cycling to 1.05 V was observed to be more degrading than the triangle wave cycling to 1.0 V in the same environment, consistent with the results of previous studies. 19, 36, 60 
